Polarized Raman, IR and time-domain THz spectroscopy of orthorhombic lead zirconate single crystals yielded a comprehensive picture of temperature-dependent quasiharmonic frequencies of its low-frequency phonon modes. It is argued that these modes primarily involve vibration of Pb and/or oxygen octahedra librations and their relation to particular phonon modes of the parent cubic phase is proposed. Counts of the observed IR and Raman active modes belonging to distinct irreducible representations agree quite well with group-theory predictions. The most remarkable finding is the considerably enhanced frequency renormalization of the y-polarized polar modes, resulting in a pronounced low temperature dielectric anisotropy. Results are discussed in terms of contemporary phenomenological theory of antiferroelectricity.
Although the ferroelectric and antiferroelectric materials have a lot in common, the latter have been much less investigated. An obvious reason is the absence of the direct linear coupling of the antiferroelectric (AF) order parameter to the macroscopic electric field.
At the same time, a nonlinear coupling to the macroscopic electric field is still present. Therefore, AF materials actually do provide interesting functionalities, as well. In fact, the AF oxides are promising materials for high-energy storage capacitors, high-strain actuators and perhaps even for electrocaloric refrigerators [1] [2] [3] . The interest in the improvement of our understanding of AF oxides has been expressed recently [1, 2, 4, 5] .
Lead zirconate, PbZrO 3 , is the best known example of an AF oxide -it is an end-member of technologically relevant solid solutions with PbTiO 3 (piezoelectric PZTs) [1, 2, 4, [6] [7] [8] . The parent paraelectric phase is a simple cubic perovskite with a 5-atom unit cell (P m3m, Z=1). Below the AF phase transition (T C ∼ 500 K), it goes over into an orthorhombic P bam (Z=8) structure [10, 11] . The space-group symmetry change can be well understood [1] as a result of the condensation of two order parameters [1, 4, 9, 12] . One of them is a polarization wave of a propagation vector Q Σ = (0.25, 0.25, 0) pc , the other order parameter is a Q R = (0.5, 0.5, 0.5) pc oxygen octahedra tilt mode (here pc stands for pseudocubic lattice, see Figs. 1-2).
Superpositions of Q Σ , Q R include also Γ, X, M and Q S = (0.25, 0.25, 0.5) pc cubic-phase Brillouin zone points. All of these points become Brillouin zone centers in the P bam phase (see Fig. 2 ). Nevertheless, recent inelastic X-ray scattering experiments [4] have clearly demonstrated that the critical scattering occurs only in the vicinity of the Γ-point. Based on this experimental result, it was proposed that the AF phase transition is driven by a single mode, the Γ-point ferroelectric soft mode [4] . Within this model, the condensation of the Q Σ -point mode can be ascribed to the flexoelectric coupling with the ferroelectric mode, and the condensation of the Q R -point mode can be explained as due to a biquadratic coupling with the Q Σ mode (i.e. through the Holakovsky [13] triggering mechanism) [4] . It should be noted, however, that the earlier spectroscopic studies [14] [15] [16] The principal aim of this work is to provide a systematic overview of the temperature dependence of the low frequency phonon modes of the AF PbZrO 3 by means of polarized IR and Raman spectroscopic study of single domain specimens. The results obtained testify the existence of multiple soft modes of different symmetry in orthorhombic PbZrO 3 . Consequently, the simple scenario with a single driving lattice mode as proposed in Ref. 4 has to be modified.
Before discussing the novel experimental results, let us note that the state-of-art density functional theory calculations have clearly demonstrated that the parent cubic structure of PbZrO 3 is unstable at low temperatures with respect to the Pb ion off-centering as well as concerted oxygen octahedra tilts [5, 12, [17] [18] [19] [20] . These calculations show a system of unstable branches, dominated by Pb-O vibration, and including Γ 15 , M 5 , M 2 , X 5 , X 2 and R 15 phonon modes, as well as a few unstable branches connecting the rigid-body oxygen-octahedra tilt modes M 3 , X 5 and R 25 (throughout the paper, we are using the labels of Ref. 17 .)
The PbZrO 3 phonon dispersions curves have not yet been determined experimentally. Nevertheless, since the cubic-phase properties of PbTiO 3 -PbZrO 3 solid solutions (PZT) are expected to vary smoothly with the PbTiO 3 concentration, the cubic-phase phonon frequencies of Pb-dominated modes can be estimated from the previous inelastic neutron and X-ray scattering studies of PbTiO 3 and PZT. For example, the frequencies of the M 5 , M 2 , X 5 , X 2 and R 15 Pb-dominated modes can be extrapolated from the measurements of the PbTiO 3 [21] [22] [23] and the PZT single crystals [24] ; the acoustic mode dispersion can be estimated from PbZrO 3 measurements of Refs. 4, 26, and the zone-center mode frequency can be estimated from the dielectric measurements [4, 16, 27] . The lowest frequency phonon dispersion curves of the cubic PbZrO 3 obtained in this way (near the phase transition point) are traced in Fig. 3 . Let us note that almost all the estimated Pb-dominated mode frequencies fall below about 100 cm −1 , while those of M 3 , X 5 and R 25 oxygen octahedra tilt modes (not shown in Fig 3. ) are expected 
to lie above 100 cm −1 .
Low frequency phonon branches of cubic PbZrO3. Phonon frequencies at the Γ, M, R and X points are estimated from the available PbTiO3 and PbTiO3-PbZrO3 spectroscopic data. Indices of the symmetry labels denoting phonon branches are those of Ref. 25 .
The cubic-orthorhombic transition is of the first order, but the PbZrO 3 orthorhombic structure can be well understood as due to a small structural distortion of the cubic one. Thus, in the limit of the vanishing distortion, the 16A g + 16B 1g (xy) + 14B 2g (xz) + 14B 3g (yz) + 12A u + 12B 1u (z) + 17B 2u (y) + 17B 3u (x) Γ-point modes of the P bam orthorhombic structure transform also as Γ, X, R, M, Q Σ or Q S -point modes of the parent cubic phase. Correlation between irreducible representation of the actual and parent symmetry group for the Pb ion vibration modes is shown in Table I . In fact, irreducible representations listed in Table I match well those realized in Fig. 3 . Therefore, about 24 optic Pb ion modes are expected in the AF phase within the 0 − 100 cm −1 frequency range.
The flux-grown single crystal platelets used in the present experiments, with either out-of-plane or in-plane c-axis [28] , were detwinned using the method of Ref. 28 . Raman data were collected using a Renishaw microscope spectrometer operated with a 514 nm laser and a lowfrequency edge filter, like e.g. in Refs. 29, 30 . IR reflectivity and time-domain THz transmission data were collected using a Fourier-transform Bruker spectrometer and a laboratory built system based on Ti-Sapphire laser, respectively, and then fitted simultaneously to obtain the consistent complex dielectric and conductivity spectra in the 10-800 cm −1 range (the same setup and experimental procedure as e.g. in Refs. 31, 32) .
The typical low-frequency, low-temperature Raman spectra are shown in Fig. 4 . As indicated in the figure, the light was polarized along the P bam crystallographic axes so that the assignment of the observed modes to the relevant irreducible representations was rather straightforward (unlike in Ref. [15] ). Similarly, the real part of the conductivity spectra allows probing the B 1u (z), B 2u (y) and B 3u (x) modes independently (see Fig. 5.) . Overall, the numbers of the modes observed in the 0 − 100 cm −1 frequency range corresponds quite well to the list given in Table I .
Phonon frequencies up to about 150 cm −1 (from fits using damped harmonic oscillator response functions) as a function of temperature are shown in Fig. 6 . The lowest frequency B 2u , B 3u , B 1g and B 3u modes can be assigned to the Σ 3 , Σ 1 , Σ 1 and Σ 4 acoustic modes folded from (Q Σ ). All other modes of Fig. 6 reveal a considerable frequency increase upon cooling (both the modes in the 0-100 cm −1 range as well as the modes in the 100-150 cm −1 frequency range).
How can this be understood? The temperature dependence of the fully symmetric mode (A g ), correspond- ing to the order parameter, follows naturally from the simplest Landau-type theory. The temperature dependence of the B 1u , B 2u and B 3u components of the Lasttype Γ 15 mode could be explained e.g. by a positive biquadratic coupling to the primary order parameter [4] . What is the reason for the strikingly similar temperature dependence of so many other phonon frequencies below 100 cm −1 ? Our understanding is that PbZrO 3 has a soft-branch driven phase transition, rather than a softmode one. In other words, the observations (i) indicate a small dispersion of Pb-based phonon branches, and (ii) suggest that the stabilizing anharmonic potential has a dominantly local character, as assumed in simple effective Hamiltonian models [12, 18] , so that it makes both the Σ 3 and S 3 branches temperature dependent. Soft phonon branches are known e.g. from incommensurate dielectrics [33, 34] . As a matter of fact, soft polarization branches ensure a simultaneous instability with respect to both the homogeneous and the staggered polarization, and this seems to be the essential prerequisite of an AF material [35, 36] .
Obviously, among the modes of the same irreducible representation, the temperature dependence can be shared due to the mode mixing. In particular, modes listed within the same column in Table I . are coupled in the AF phase. For example, we have verified that the overall IR plasma frequency [37] of all B 3u modes observed below 100 cm −1 is close to the IR plasma frequency of Last soft mode Ω Last = 618 cm −1 determined from the analysis of the cubic phase spectra [37] . Since the bare X 5 , Σ 1 , and S 1 modes have the B 3u symmetry but no intrinsic IR strength, the relative integral intensities of the B 3u modes observed in the conductivity spectrum below 100 cm −1 (Fig. 5) can be directly interpreted as a measure of their eigenvector exchange with the pure Last mode. [37] This mixing is visibly quite considerable. Are the observed temperature variations of phonon frequencies large or small ? Within the Landau theory of the second-order structural phase transition, the squared soft-phonon frequency shows a linear temperature dependence (Cochran law). A stronger, nonlinear temperature dependence is expected below a first-order phase transition point, but the relation of the inverse static permittivity to the soft-mode frequency via Lyddane-Sachs-Teller relation should be still valid. In order to estimate the expected soft-mode frequency, we have thus multiplied the inverse of the static limit of the fitted permittivity by the square of the mode plasma frequency of the Last mode (Ω Last = 618 cm −1 ), and traced the resulting temperature dependence of the squared bare Last mode frequency (ω A g , B 1g and B 2g Raman spectra show additional soft modes, with frequencies above of 100 cm −1 , and an even stronger temperature dependence (Fig. 6 ). These modes correspond well to the soft mode reported in Refs. [14, 15] . It is natural to ascribe them to descendants of the R 25 rigid oxygen octahedra tilt mode, known as the soft mode of the structural phase transition of SrTiO 3 crystal [25] . Indeed, the R 25 mode components associated with oxygen octahedra tilts around the x, y and z orthorhombic axes do transform precisely as the A g , B 1g (y) and B 2g (x) irreducible representations. A recent IXS study concluded that R 25 mode plays only a passive role of a triggered mode [4] , since its frequency shows virtually no temperature dependence in the cubic phase. However, the mode investigated there had a frequency of about 50 cm −1 only, and according to our analysis, it was the Pb ion vibration of R 15 symmetry. On the contrary, the present results indicate that the actual R 25 oxygen octahedra tilt mode should have a frequency of about 100-150 cm −1 in the cubic phase.
Finally, panel (h) of Fig. 6 reveals a remarkable anisotropy of the low-frequency permittivity in the AF phase. Within the theory of Ref. 4 , the Curie-Weiss law for the AF phase was derived from free-energy terms δ i P 2 i ρ 2 , i = x, y, z, where P i , are components of the macroscopic polarization, ρ is the order parameter (staggered polarization) and δ x = δ y and δ z are positive coupling constants. The same terms determine also the magnitudes of AF coercive fields [4] . The anisotropy shown in panel (h) of Fig. 6 suggests either that δ y ≈ 3δ x or that there is some other reason for preferential suppression of the yy .
In summary, this polarized Raman, IR and THz spectroscopic study of AF PbZrO 3 single crystals established that there are several low frequency modes with anomalously temperature dependent phonon frequencies distributed among all seven active irreducible representations. We conclude that the modes around 130 cm −1 are associated with oxygen octahedra tilt vibrations, while those below about 100 cm −1 are due to the Pb ion fluctuations. Softening of the latter can be understood as a consequence of a soft and flat phonon branch, without having to recall specific biquadratic couplings for each such mode separately. We argue that, in general, such soft and flat polarization fluctuation branches are expected to occur in AF materials. We have also found that the low temperature dielectric tensor of PbZrO 3 is highly anisotropic and that this anisotropy originates from the anisotropic hardening of the Last mode components. We hope that the present systematic survey of low-frequency phonon modes will help in understanding and modeling of finite-temperature properties of PbZrO 3 and other antiferroelectric oxides.
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